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Abstract
Raman spectra of a saturated agueous solution of sodium nitrate (NaNOs/H20) in
the region of the totally symmetric vibration v1(A) of the NOs™ anion has been studied.
The high-voltage pulsed electric discharge effect (HPEO activation) on the molecular
relaxation in NaNOs/H,0 has been investigated. The temperature dependences of the

width and frequency of the corresponding spectral line are examined.

Introduction

As is known, the high-voltage pulsed electric discharge (HPED) influences the
electrochemical properties of electrolytes. Early works on this effect revedled that
electric conductivity of a salt melt drastically increases alter HPED in a melt [1].
Therefore one can speak that a melt is activated by the high-voltage pulsed electric
discharge (HPED) (HPED activation) and hence is in the activated stale. More recently,
many works have appeared on electric conductivity studies of salt melts in strong
electric fields [2]. Currently, active studies are under way to investigate HPED
activation effect on the electrochemical properties of solid electrolytes[3 —6]. Increased
conductivity after HPED activation was explained by increased ion mobility in the
activated stale. However, recovery of the normal value of electric conductivity is a
matter of several minutes or hours and is thus an anomalously slow process. Recall that
in condensed media the characteristic molecular relaxation timeis of the order of 107° —
10" s. Thus we have a long-lived activated Slate of a salt melt, characterized by
increased ion mobility compared to the normal state of the melt at the same temperature.

Note that measurements of electric conductivity, which is a macroscopic

parameter, convey averaged information about the system in general. Therefore it
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makes sense to use a technique which would permit one to study the parameters and
characteristics of the individual molecules or ions.

Vibrational spectroscopy alows direct measurements of molecular relaxation
limes in condensed media. This method is effective in studies on salts containing
molecular ions. The intramolecular vibration parameters are liable to particle
(intermolecular, interionic) interactions. Therefore infrared (IR) absorption and Raman
spectra are sensitive to microstructure variations of the system under study and convey
information about its structural and dynamic properties|[7 — 13].

It seems appealing to obtain information about the dynamic interionic interactions
directly from the spectra analogous to (he phonon spectra of crystals. However, the low-
frequency spectrum of ionic melts and high-temperature phases of ionic crystals is
generally a wide structureless band. Al the same lime, structural and dynamic changes
in a salt system affect the vibrational dates of the structural units of the system and are
reflected on the Raman and 1R absorption spectra. Therefore using the vibrational
spectra corresponding to the inner modes of molecular ions to derive information about
molecular relaxation inionic crystals and melts seems to be quite justified.

Previously, we found that HPED influences the vibrational spectra and the wing
of the Rayleigh scattering line in melted [14, 15], crystal [16], and heterogeneous [17]
salt systems. Note that spectrum recording lime is several minutes, i.e., much longer
than the characteristic time of molecular relaxation in condensed media. Nevertheless,
we recorded changes in the vibrational bands and the wing of the Rayleigh scattering
linein the activated dlates of salt systems[14 — 17] compared to the nonactivated states.

Thus it may be staed that the long time of HPED aftereffect on the
electrochemical and spectral properties of alkaline metal chlorides, nitrates, nitrites,
thiocyanates, acetates, and sulfates is a challenge in the chemical physics of salt
systems.

Investigation of the HFED effect on the vibrational spectra of ionic solutionsis a
natural continuation of our works. Variations in the density, viscosity, electric and heal
conduction of alkali salt solutions were studied in [18 — 21]. The aim of thiswork isto
study the effect of HPHD activation on the Raman spectra of saturated agueous sodium

nitrate.
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Experiment
The Raman spectra were recorded on a DFS-24 spectrometer using the standard

90° procedure [22] (monochromator 1/O dit width 100-200 pm). The corresponding
optical dit width was 1.7 — 3.4 cm™. The Raman spectra were excited with an argon
laser LGN-503. A laser line with A=488 nm was used. A laser beam passed through a
Glenn-Thomson prism and then through an optical filter not transmitting radiation with
A>488 nm; then it was focused on a cell with a solution.

Solutions were prepared using distilled water and sodium nitrate of chempure
grade (99.8%). The Raman spectra of NaNOz/H,O were measured in the range of the
totally symmetric vibration v1(A)=1050 cm™ of the nitrate ion NOs~. The spectral
interval under analysis was 1000-1100 cm ™. The recording lime was 5.5 min per
spectrum. The analysis was performed in the temperature range 18 — 90°C. The
temperature of the solution was kept constant with a high-precision temperature
regulator VRT-2 to an accuracy of +1°C and measured with a calibrated chromel-
alumel thermocouple. The accuracy of determination is 0.5 cm™ for the position of
maximum v of the vibration band and +0.1 cm™ for the bandwidth .

To analyze the HPED activation effect on the spectral properties of the solutions
we employed a high-voltage pulsed arrester [14]. Output voltage on the arrester may be
adjusted at values from 3.3 to 7.8 kV. The basic working capacitor of the arrester
(K.BG-II, 0.1 pF, 15 kV) is discharged through two platinum electrodes, submerged in
the cell with the solution. The distance between electrodes in solution is several
millimeters. As a result of the discharge of the working capacitor, a pulsed discharge

passes through the solution. The volume of the solution is approximately 1 ml.

Results and discussion

Figure 1 shows the dependence of the width of the vibration band & on the time t.
The first five points were obtained without applying an electric field. Then a discharge
was passed through the solution. The discharge voltage was 7.8 kV. The Raman
spectrum was recorded immediately alter the discharge. HPED leads to narrowing of he
spectral band width. After the discharge, the total background of scattering increases.
Subsequently, the initial d value and the total background are restored. An analogous

picture was observed every time when HPED activation was performed.
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Figure 1. Effect of a pulsed electric Figure 2. Effect of a pulsed electric

discharge on the contour width in the discharge on the position of the contour

Raman spectrum corresponding to the maximum in the Raman spectrum

v1(A) vibration of NOs3 in a saturated corresponding to the vi(A) vibration of

aqueous solution of sodium nitrate. NOs™ in a saturated agueous solution of
sodium nitrate.

The band width & is inversely proportional to the relaxation time 1 of the
vibrationally excited states of molecules:

1
ned

A decrease in the band width as a result of HPED activation indicates that the rate of

D

molecular relaxation in the activated state of the solution decreases compared to the
normal stale.

The maximum v of the vibration band is also shifted after HPED (Figure 2). In
Figure 2 spectrum numbers are plotted on the horizontal axis. The scale along the
abscissa axis is absolutely identical to the corresponding lime scale in Figure 1. The
time interval between the spectra is 5.5 min. The first five points correspond to the
nonactivated state. In the activated stale the v value decreases and then gradually returns
to itsinitial value.

Figures 3 and 4 present the temperature dependences of the width &(T) and
maximum position v(T) of the vibration band. Both & and v decrease oppositely with

temperature. Thus HPED activation is analogous, to some extent, to a temperature
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increase by several dozens of degrees. The discharge energy suffices to heat the solution
by only 1.5°C. Changes in spectral parameters were also observed in studies on HPED
effect on the spectra of melts. In melted salts, the band width increases with temperature
[22 — 26], asit does in the activated stale of the melt compared to the nonactivated state
[14, 15]. Again, the observed spectral changes may not be explained by melt healing

due lo discharge energy.
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Figure 3. Temperature dependence of the Figure 4. Temperature dependence of the
contour width in the Raman spectrum position of the contour maximum in the
corresponding to the vy1(A) vibration of Raman spectrum corresponding to the
NOs™ in a saturated agueous solution of Vvi(A) vibration of NOs in a saturated
sodium nitrate. aqueous solution of sodium nitrate.

For more profound understanding of reasons for ihe slower molecular relaxation
in the activated stale of the solution, one must consider in more detail the relaxation
processes which may occur in this system. As is known, molecular relaxation may be
vibrational or orientational. Vibrational relaxation processes are further grouped into
adiabatic and nonadiabatic. Among adiabatic processes, vibrational dephasing is of
greatest importance. Nonadiabatic processes are relaxation processes due to repulsive,
dipole-dipole, and ion-dipole interactions, as well as resonance exchange of vibrational
guanta and intramol ecular decay of the vibrational states. Therefore the band width may
be represented as the sum of the corresponding terms [23]:

0 = dyd + Odd + Bid + Orep + Ores + Oint + Oor. 2
Here dyq is the vibrational dephasing term; g4, dig and & are the dipole-dipole, ion-
dipole, and repulsive terms; . iS the contribution resulting from the resonance

transmission of vibrational quanta; i, is the contribution from the intramolecular decay
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of the vibrationally excited stales; 9, is the orientational relaxation term.

Let us analyze formula (2) with regard to the Raman spectrain the region of v1(A)
of the NO3;™ anion in NaNOy/H,0. Thev(A) lineis strongly polarized (depolarizalion is
0.06) [27]. Therefore NO3™ reorientation does not directly contribute to the d value in
the isotropic Raman spectrum: 0,=0. The probability of the resonance transmission of
the vibrational quantais also small (8,=0), since the nearest neighbors of the nitrate ion
in solution are Na' cations, but not the identical anions. We can aso ignore the
contribution from the intramolecular decay of the vibrationally excited stales (8in=0)
because the difference between vi(A) and the nearest intramolecular vibration
Vo(A)=810 cm ™ of the nitrate ion is of the order of 250 cm™. Therefore the decay of v,
with further excitation of v, demands dissipation of a large amount of energy to
translational degrees of freedom, but this is unlikely to occur. lon-dipole and dipole-
dipole interactions can be realized for the nitrate ion in solution because the NO3™ anion
is distorted and acquires a nonzero dipole moment in solution [28]. Note that the ion-
dipole interactions of the nitrate ion are with the Na" cations, and the dipole-dipole
interactions, with the water molecules. Since the ion-dipole interactions are stronger,
their contribution to the band width is greater compared to the dipole-dipole
interactions. The vi(A) line also has broadenings due to repulsive interactions and
vibrational dephasing processes, which are universal.

Now the band width is recorded as

0 = 08vg + O + Bid + Orep. (3)

Vibrational relaxation processes are generaly more intense at elevated
temperatures. This lakes place in melts [22-26]. In solution, however, d decreases at
elevated temperatures. To analyze changes in the terms of formula (3) under the action
of various factors such as temperature variation and HPHD activation, we must adopt a
certain structural model for solution. In our opinion, a salt system (solution or melt)
consists of ion-associated complexes (IAC) [22-26]. One can assume that at elevated
temperatures the solution structure is more homogeneous, and partial destruction and
rearrangement of IAC take place. Among the nearest neighbors of the nitrate ion, the
content of the water molecules increases, and that of the Na’ cations decreases. The

terms dyq and diy change accordingly. However, the latter contribution is greater than the
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former and hence the effect of the decreased ;4 on & is more significant than that of the
increased &gq. AS a result, & decreases at elevated temperatures. In a melt, the Na'
cations are the nearest neighbors of the nitrate ions irrespective of the temperature.
Therefore & increases with the temperature of the melt because al terms of Eq. (3)
increase [22-26].

Analogous reasoning may be given in respect of HPED activation. As aresult of a
discharge induced by a powerful water hammer, IAC may undergo partial destruction
and rearrangement. The rate of vibrational relaxation increases or decreases depending
on the character of 1AC rearrangement. The experimentally observed decrease in &
indicates that HPED activation as well as temperature elevation leads to a higher
content of water molecules and a lower content of Na' cations among the nearest
neighbors of the nitrate ion. These changes can decrease the ion-dipole term. In our
previous investigations on HPED effect on the vibrational spectra of salt melts, &
generally decreased after discharge [14, 15]. In a melt, the cations are generaly the
nearest neighbors of the anions. This holds for both the normal and activated slate of the
melt. At the same time, HPED activation and partial destruction of IAC considerably
increase the rate of phase relaxation, and are thus the reasons for the increased width of
vibration bandsin melts.

Note that the lower content of the Na' cations and the higher content of the water
molecules among the nearest neighbors of the nitrate ion as aresult of HPED activation
in NaNOs/H,O may lead to lower rates of vibrational dephasing. This circumstance also
narrows the vi(A) hand when the solution passes to the activated state. Analogous

factors may decrease the 6 value at elevated temperatures.

Conclusions
Activation of a sail system (ionic crystal, melt, solution) by a high-voltage pulsed
electric discharge leads to the activated stale of the system corresponding lo system
healing by several degrees. The real temperature of the system in this case is practically
invariable. Hence it follows that the activated state of a salt system is a long-lived,
strongly nonequilibrium date. It is characterized by the greater homogeneity of the
microstructure and the greater ion mobility compared to the nonactivated state.

After the discharge, the salt system gradually returns lo its normal stale. However,
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the recovery time is several minutes. This has not yet been explained in terms of the
existing concepts and remains one of the challenges in the chemical physics of salt

systems.
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